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Southern CaliforniaThe Chloride Mass Balance (CMB) method was used to obtain long-term recharge values for the Santa
Susana Field Laboratory (SSFL) site, which features a groundwater flow system beneath an upland ridge
formed of sandstone and shale beds in the Simi Hills, Ventura County, southern California. This applica-
tion relied on the availability of on-site measurements of bulk atmospheric chloride deposition com-
prised of dry fallout and wet concentration, a large number of groundwater samples (1490) collected
over three decades from 206 wells spanning a depth range from 10 to 360 m, and measurements of chlo-
ride in surface runoff during rain events. The use of the CMB method is suited to the assessment of
recharge for the study area because the mean chloride values in groundwater show minimal spatial
trends, indicating no sources other than atmospheric. In addition, the Cl/Br ratio was used to exclude
wells with possible anthropogenic chloride. The site-wide average recharge ranges between 1.8 and
9.5% of the mean annual precipitation (455 mm) with a mean value of 4.2%. The measured surface runoff
varies from 2.3 to 10.2% with mean value of 6.1% (28 mm) and, therefore, the volume of water lost to
evapotranspiration is between 95.9 and 80.3% with a mean value of 89.6% (408 mm). The long-term
recharge calculated using the CMB method is consistent with tritium distribution based on a subset of
groundwater monitoring wells and with an analysis of steady flow in the groundwater mound beneath
the SSFL. Furthermore, the recharge value matches those in the literature for sandstone aquifers in arid
and semi-arid climates. This recharge estimate has important relevance for site characterization in terms
of constraining the volumetric groundwater flow rates and water balance and understanding the mech-
anisms of transport towards the water table. Moreover, this is the first application of the CMB in an
upland area of California. Hence, the method is demonstrated to be robust and applicable to many upland
bedrock areas in southern California and similar regions around the world, and can be used to quantify
groundwater flow rates and supplies relevant to water resource management.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Groundwater recharge to an aquifer can be defined broadly as
the water that reaches the aquifer from any direction (Scanlon
et al., 2002). But generally, and in this paper, the term recharge
to a groundwater flow system is taken to be the volume of water
that crosses the water table after infiltration through the vadose
zone, expressed as the height of the water column that enters
the groundwater zone per unit time. Although recharge is a basic
component of the hydrological cycle, quantification is difficult
because it cannot be directly measured at the spatial scale of most
relevance. Therefore, indirect methods must be used to obtainrecharge rate estimates in climatic, spatial scale, and temporal
scale contexts. Some of the most common techniques are those
based on natural tracers, such as chloride and tritium, which are
soluble, can behave conservatively, and can be measured accu-
rately (Healy, 2010). The Chloride Mass Balance (CMB) method
was first applied by Schoeller H. (1941, 1962), Schoeller M.,
(1961, 1963) and Eriksson (1952) to estimate recharge by compar-
ing the concentration of chloride in groundwater to the concentra-
tion of chloride deposited through wet precipitation and dry
fallout. The assumptions in this method are described by Allison
and Hughes (1983), Edmunds and Gaye (1994), Wood and
Sanford (1995), Sami and Hughes (1996) and Alcalá and Custodio
(2014). Among these, two are key: (1) the bulk atmospheric chlo-
ride deposited on the ground must be the only source of chloride
to the sub-surface system; and (2) the groundwater flow system
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and output for the time period of interest. Therefore, the chloride
concentration in groundwater will be greater than the atmospheric
input by a factor proportional to the concentrating effect of water
loss due to evapotranspiration (ET). Part of the precipitation that
falls on the land surface contributes to surface runoff, another part
evaporates, and the rest infiltrates into the vadose zone where
some is lost to the atmosphere via ET and the rest becomes
groundwater recharge. The CMB method is based on the premise
that essentially no chloride returns to the atmosphere in the water
that either evaporates from the land surface or evapotranspirates
following infiltration; this is well supported by Eriksson and
Khunakasem (1969) and Allison (1988). The CMB approach has
been mostly applied to the analysis of chloride profiles in the
unsaturated zone of arid and semi-arid regions of the USA, Africa,
and Australia not only to quantify recharge (Allison and Hughes,
1978; Scanlon et al., 2006; Simmers, 1988) but also to study past
climate conditions (Phillips, 1994; Scanlon, 1991; Tyler et al.,
1996) and the effect of changes in land use (Gee et al., 1994;
Scanlon et al., 2007). Applying the method to the saturated zone,
using chloride analysis of groundwater, has been conducted less
frequently and leads to the estimation of site-wide mean recharge
values (Cook et al., 2001; Sami and Hughes, 1996; Wood and
Sanford, 1995).
A crucial point in CMB studies is the assessment of atmospheric
chloride, which is deposited via two mechanisms (wet precipita-
tion and dry fallout) and shows an exponential decrease in concen-
tration with travel distance of humid air from the source area,
typically the nearest sea. The main uncertainty is the quantifica-
tion of the dry fallout, which is rarely measured and therefore in
most studies only estimated. Murphy et al. (1996) found that dry
fallout of Cl accounted for 60% of its deposition in south-eastern
Washington and Ten Harkel (1997) measured aerosol deposition
rates of Cl ranging from 7000 to 20,000 mg/m2 per year in coastal
areas of the Netherlands. Eriksson and Khunakasem (1969) and
Dettinger (1989) consider the contribution of dry deposition to
be 30% of the total, whereas Scanlon et al. (2007) double the wet
precipitation value. Other authors use ordinary kriging to map
atmospheric chloride deposition and to regionalize the data points
collected (Alcalá and Custodio, 2014; Croisé et al., 2005; Delalieux
et al., 2006; Gustafsson and Hallgren, 2000). This paper concerns
application of the CMB approach, based on well sampling, as the
primary method to estimate recharge to a site located in a semi-
arid area of the Simi Hills in Ventura County, about 45 km north-
west of Los Angeles, California and 25 km inland from the Pacific
Ocean. The study area, known as the Santa Susana Field Laboratory
(SSFL), is a decommissioned industrial research facility that was
used from 1949 to 2006 and features chemical contamination of
the underlying sedimentary bedrock.
This study was prompted by the need to construct a 3-D numer-
ical model. Recharge values across the site are required as the
boundary condition on the upper surface of the model domain.
Moreover, the recharge rate in the areas of contaminant inputs
governs the flux of groundwater available to transport contami-
nants in plumes (Cherry et al., 2009; MWH, 2009). This is the first
application of the CMB method to an upland area in California and
is based on the large number of chloride samples collected over
three decades from a dense network of groundwater monitoring
wells (206 over an area of about 11.5 km2) with open intervals
spanning a depth range from 10 to 360 m. Moreover, unlike other
studies in the literature, streamflow chloride was measured at six
locations representing the outfall of each catchment. The bulk
atmospheric chloride deposition was measured from two on-site
collectors for one full year and compared to the 33-year time series
of the closest station of the National Atmospheric Deposition Pro-
gram. The on-site measurement of the bulk deposition of atmo-spheric Cl and the analysis of Cl concentration in rainfall allowed
the discretization of the two different deposition processes. As an
independent check of the results, the distribution of
atmospheric-derived tritium was analyzed for a subset of the
groundwater monitoring wells. Tritium (3H) has been extensively
used in many flow system studies to calculate modern recharge
(<60 years) in arid and semi-arid regions (Allison and Hughes,
1977; Andres and Egger, 1985; Cook and Böhlke, 2000; Solomon
and Cook, 2000) because it was introduced globally into the atmo-
sphere in a short period, with a peak between the 1950s and early
1960s resulting from above-ground nuclear weapons testing. The
different timescale of the two approaches can affect the compar-
ison of estimates made using the two methods. The time to accu-
mulate Cl in groundwater ranges from decades to centuries while
tritium distribution is relevant only in the last 60 years. Therefore,
changes in climate conditions or land use can influence the
recharge values as found by Cartwright et al. (2007). An additional
check was performed using a Dupuit-Forchheimer approach to
analyze steady flow in a groundwater mound sustained by steady
recharge from above. Moreover, a comparison with previous stud-
ies in similar climatic regions and geological settings is presented.2. Hydrogeology of the study area
The SSFL is located on a sedimentary bedrock upland, flat-
topped ridge, with a maximum elevation of about 700 m asl that
is 300 m above the adjacent valleys (Simi Valley and San Fernando
Valley) (Fig. 1a). The bedrock of the SSFL is formed of Cretaceous
sandstone belonging to the Chatsworth Formation (Yerkes and
Campbell, 2005), with shale/siltstone interbeds dipping 30NW
as the result of turbidite deposition on a sub-marine fan (Link
et al., 1981). About 15% of the area is covered by discontinuous-
thin Quaternary alluvium (Fig. 1b). The Chatsworth Formation
can be divided into Upper and Lower units encompassing a
sequence of coarser-(sandstone with thickness up to 2 m and typ-
ical turbidite features) and finer- (siltstone and shale interbedded
with thickness less than 1 m) grained units (Montgomery
Watson, 2000). The different physical properties of the coarse-
and fine-grained units can be used to identify the different hydro-
geologic units. Meyer et al. (2014) recognize the different hydroge-
ologic units on the basis of vertical hydraulic conductivity
contrasts from the analysis of high resolution head profiles
obtained from Westbay multilevel systems (MLSs).
The bedrock is densely fractured with bedding-parallel frac-
tures as well as vertical or near-vertical joints and faults (Cilona
et al., 2015, 2016; Sterling et al., 2005). Due to this structural set-
ting, the groundwater circulation is dominated by flow in high
density interconnected fractures rather than in the rock matrix
between fractures. Pehme et al. (2009, 2013) use active line source
(ALS) temperature profiling to demonstrate numerous active frac-
tures intersecting each borehole. The matrix porosity ranges from 2
to 20% (geometric mean 13%) while the fracture porosity is
between 0.01 and 0.0005% (Cherry et al., 2009; MWH, 2009).
Because of this, the mountain has an active flow system with
groundwater moving from the water table zone downward and
outward mostly towards seeps, along the slopes, and deeper flow
into the bedrock (Fig. 1b).
The presence of these laterally continuous finer- and coarse-
grained units and the role of the geologic structures result in spa-
tial variability in the bulk saturated hydraulic conductivity (Kb).
Estimates of Kb from discrete-interval testing, single-well slug
and pumping tests, and multiple-well pumping tests give a range
from less than 1  109 to greater than 1  104 m/s, with older
members having higher average values (Cherry et al., 2009;
MWH, 2009). This interval is about one to three orders of magni-
Fig. 1. Site maps: (a) elevation map and (b) hydrogeological map, where hydraulic head elevation lines are relative to 2009 and are in m asl; (c) slope map; and (d) vegetation
map. Coordinates are in UTM – WGS84 system.
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hydraulic conductivity (Km).
The study area has six main surface water catchments (Fig. 1a)
that cover 72% of the area of the site with an extension ranging
from 0.3 to 2.3 km2. The surface slope ranges from 0 to 71.8 with
a median of 15.8. Catchment 9 has the lowest median value with
50% of the territory having a slope less than 9.9, while Catchment
2 has the greatest median slope of 20. Values similar to the site
average have been calculated for the other catchments (Fig. 1c;
Table 1). The distribution of the alluvium deposits reflects the slope
distribution: about 37% of the area of Catchment 9 is covered by a
significant thickness of alluvium, while no alluvium is present in
Catchment 2. With respect to land use, about 29% of the area is
made of rock outcrop, while 51% is covered by disturbed (6%)
and undisturbed (45%) vegetation, mostly chaparral (57% of the
total vegetated area) (Fig. 1d). Therefore, recharge can occur as dif-
fuse recharge through the bedrock and the alluvium and as focusedTable 1
Runoff analysis. Contribution to total runoff is calculated as the ratio between the volume
Catchment 1 Catchment 2
Surface (km2) 1.24 1.47
Median slope () 15.3 20
Precipitation (mm)
Runoff volume measured at the outfall (106 L) 21.8 111.1
Surface water chloride (mg/L) 5.9 11.8
Runoff coefficient (%) 0.1 7.1
Runoff depth (mm) 1 32
Contribution to total runoff (%) 0.3 19.8recharge through the main fractures (localized recharge) and along
the surface water drainage features (indirect recharge).3. Data and methods
3.1. Hydrological data
The study area falls within ‘‘Zone 9 – South Coast to Marine
Desert” (inland area between marine and desert climates) on the
reference map of evapotranspiration zones for the State of Califor-
nia published by California Irrigation Management Information
Systems (CIMIS, 1999), with a mean annual potential ET of
1400 mm. The mean annual precipitation measured at the site,
from 1960 to present, is 455 mm with a standard deviation of
232 mm. Most of the annual precipitation occurs during the winter
season (December to March). The nearest (40 km) long-term
meteorological station is located at the University of Southern Cal-
ifornia (USC) campus in downtown Los Angeles where measure-of water measured at each outfall and the total runoff volume of the site.
Catchment 8 Catchment 9 Catchment 11 Catchment 18 Total
0.26 2.16 1.18 2.3 8.57
20.4 14.5 15.6 9.9 15.8
455
7.3 99.6 21.2 63.6 239.8
9.3 4 7.3 11.8 8.3
6.1 10.1 3.9 6.1 6.1
28 46 18 28 28
3 41.6 8.8 26.5 –
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from the study area correlates closely with the USC rain gauge sta-
tion (Fig. 2b), justifying extension of the site precipitation record
back an additional 82 years. The mean precipitation value for the
period 1878–2014 is 455 mm, equal to that measured at the site
from 1960 to the present (Fig. 2c). Therefore, the study area cli-
mate is classified as semi-arid with an average potential ET that
greatly exceeds the precipitation (Hidalgo et al., 2005).
Surface water leaving the SSFL has been measured since 2004 at
19 outfalls located at the lowest elevation of any given catchment.
The flow through these points is controlled by engineered struc-
tures and rigorously monitored as part of a National Pollutant Dis-
charge Elimination System (NPDES) permit held by the site owner.
Among these, we selected data from Outfalls 1, 2, 8, 9, 11, and 18
(Fig. 1a) due to the completeness of their time-series records for
the years 2009, 2010, and 2011. The selection of these three years
was also motivated by the absence of anthropogenic activities at
the site (e.g., groundwater extraction, pumping tests, release of
water on the surface) for this period. Moreover, the average annual
precipitation for these three years (457 mm) matches the long-
term average (455 mm) and, therefore, these data can be consid-
ered representative of the long-term period.
The contribution to total runoff and the runoff coefficient were
calculated for each catchment. The first is the ratio between the
average volume measured at the outfall and the average total run-
off of the site, while the latter is the percentage of precipitation
becoming runoff in that catchment, calculated as the ratio of the
average volume measured at the outfall and the average volume
of inflow. For Catchments 1 and 2, which are downstream of Catch-
ments 11 and 18, respectively, both coefficients were derived by
subtracting the volume of the upstream catchment from the vol-
ume measured at the downstream outfall.3.2. Measurement of chloride
Two bulk deposition collectors (BDCs) were installed at the site
in 2006 (Fig. 1b). The design and the sampling method used (MWH,
2006) was based on previous work by Friedman et al. (1992) and
Izbicki (2004) that collected rain and snow samples for oxygen-
18 and deuterium analysis from about 40 sites in southern Califor-
nia. A 10-cm diameter funnel cup was connected to copper tubing
connected to a collection bottle. Dry fallout deposited in the collec-Fig. 2. (a) Distance between the study area and the University of Southern California – Lo
data from the SSFL and University of Southern California – Los Angeles rain gauge station
1970–2014. (c) Time series of annual precipitation data for the study area, where the r
periods for which data have been inferred (1878–1959) vs. measured (1960–2015).tion funnel was periodically flushed down into the storage bottle
by rainfall.
The total chloride deposition rate during a given sample collec-
tion interval was determined usingD ¼ C  V
A  t ; ð1Þwhere D is the chloride deposition rate (mg/m2/day), C is the chlo-
ride concentration in the sample (mg/L), V is the volume of water
collected during the sampling interval (L), A is the area of the funnel
cup opening (m2), and t is the duration of the sampling interval
(days).
For both collectors, three collection events of variable duration
took place: 22 March 2006 to 7 April 2006, 7 April 2006 to 21
December 2006, and 21 December 2006 to 1 March 2007. Chloride
concentration ranged from 7.6 mg/m2 per day during the winter
period to 0.6 mg/m2 day during the summer season. The average
bulk deposition rate (D) was 3.22 mg/m2 per day, equal to an aver-
age annual deposition of 1175 mg/m2. Considering the average
annual precipitation of 455 mm and given that 1 mm of rainfall
supplies 1 L of water to each m2, the equivalent Cl concentration
is 2.6 mg/L. This relatively high value is justified by the proximity
to the Pacific Ocean (25 km) and the prevailing wind direction
(from W–SW to E–NE) recorded at the Los Angeles airport station
by the Western Regional Climate Center (http://www.wrcc.dri.
edu/). A similar value was used by Grismer et al. (2000) in their
application of CMB to a lowland, coastal orchard site close to the
SSFL (20 km). To estimate the contribution of wet precipitation to
total deposition, nine rainfall samples from 2004 and 2006 were
collected. The average chloride concentration in these rainfall sam-
ples was 0.49 mg/L, similar to the average measured at the Tanbark
Flat station (0.47 mg/L) the closest (100 km) station of the mon-
itoring network of the National Atmospheric Deposition Program
(NADP), which has measured rainfall deposition since 1982. There-
fore, dry deposition at the site, when expressed as rainfall concen-
tration, was estimated to be about four times the wet deposition.
This result is consistent with previous studies performed in central
(Whitehead and Feth, 1964) and southern (Izbicki, 2004) Califor-
nia. Based on this relationship, we also assumed that dry deposi-
tion at the Tanbark Flat station was about four times greater
than wet deposition. Consequently, we determined the time series
of the bulk atmospheric chloride deposition for the Tanbark Flats Angeles rain gauge station; base map is Google Earth view. (b) Linear regression of
s to show the strong correlation between annual precipitation values for the period
ed dashed line represents the average (455 mm) and black dotted line divides the
F. Manna et al. / Journal of Hydrology 541 (2016) 787–799 791station and used the extremes (1.4 and 5.1 mg/L) as the range of
variation of Cl input for the site.
Chloride concentrations in runoff come from the analysis of
composite samples, compounded over the course of a runoff event,
collected either manually or automatically at the outfalls of Catch-
ments 1, 2, 8, 9, 11, and 18 (Fig. 1a) from 2009 to 2011 whenever
flow was measured. The analyses were conducted at laboratories
certified by the California Department of Public Health (EPA) and
reported quarterly and annually by Boeing in compliance with
their National Pollutant Discharge Elimination System (NPDES)
permit. The number of samples per year depends on the number
of precipitation events causing flow at the outfalls, and therefore
there is a variable number of measurements from different outfalls
and in different years. For example, 2009 was a dry year with
annual precipitation of 339 mm and features only one measure-
ment for all catchments except Catchment 9; in contrast, 2010
was a wet year (643 mm of rainfall) and the number of measure-
ments ranges from 3 (Catchment 11) to 13 (Catchment 9). Given
the variability in reported chloride concentrations, the values were
weighted by the volume measured at the outfall at the time of
sampling, using a procedure often used for precipitation (Wood
and Sanford (1995):
Cy ¼
Pn
i¼1ðCi  ViÞPn
i¼1Vi
; ð2Þ
where Cy is Cl concentration for year y (mg/L), Ci is the Cl concentra-
tion for measurement i (mg/L), and Vi is outfall volume of the event
for measurement i (L). The average annual concentration (Cy)
obtained is believed to be most representative of the average chlo-
ride concentration leaving the catchment during that year. The
average value from 2009 to 2011 for each catchment was used for
the CMB calculation.
Chloride groundwater values needed for the CMB calculation
were obtained by sampling conventional monitoring wells and
old water supply wells now used for groundwater monitoring, as
well as taking smaller depth-interval samples from MLSs. The
open-hole segment of rock that provides the water is known as
the sampling interval, which is specific for each well. The results
of chloride analysis are plotted on graphs as points specific to a
depth that represents the mid-point of the sampling interval.
A total of about 1490 samples were collected between 1984 and
2015 from 206 wells completed over a depth range from 10 to
360 m below ground surface. The majority of the wells have mul-
tiple measurements available and a mean value was used for the
CMB calculation. For the lowest and highest chloride values, a
more in-depth evaluation was performed to establish whether
those wells should be included in the CMB calculation by analyzing
the Cl/Br ratio from weight concentration values and whether or
not high trichloroethylene (TCE) concentrations were present.
The ratio between chloride and bromide is widely used in the liter-
ature (Alcalá and Custodio, 2008; Davis et al., 1998; among others),
because its value in groundwater can be only slightly affected by
natural processes and therefore is a good indicator of inputs from
anthropogenic activities such as septic systems. Finally, the CMB
calculation used the geometric rather than the arithmetic mean
of the Cl values to minimize the influence of extreme values in
the chloride mass balance calculation.
3.3. Chloride mass balance
The CMB calculation was carried out for the entire site as well as
for the six catchments. It is common in the application of the
method to fix the boundaries of the control volume so that chloride
transport by surface flows is inconsequential with respect to chlo-
ride removed by recharge. However, some authors (Aishlin andMcNamara, 2011; Wood and Sanford, 1995) demonstrate that
neglecting any effect of runoff may lead to overestimation of the
recharge value.
The general equation used to calculate recharge at the site was
(Aishlin and McNamara, 2011; Wood and Sanford, 1995)
R ¼ ðP  CpÞ þ ðRon  ConÞ  ðRoff  Coff Þ
Cg
; ð3Þ
where R is the volume of recharge, P is the volume of precipitation,
Cp is the concentration of chloride in the precipitation (dry and
wet), Ron is the volume of run-on, Con is the concentration of chlo-
ride in run-on, Roff is the volume of run-off, Coff is the concentration
of chloride in run-off, and Cg is the concentration of chloride in
groundwater. This equation includes two different scenarios: 1)
the presence of surface water exporting water (and chloride) from
the catchment (Roff > 0 and Ron = 0) and 2) the presence of surface
water importing and exporting water (and chloride) from the catch-
ment (Roff > 0 and Ron > 0). At the site scale, the volume of runoff
measured at the different outfalls has been summed, and so the
total volume represents the surface water leaving the site (scenario
1). At the catchment scale, case 1 applies to Catchments 8, 9, 11, and
18 while case 2 applies to Catchments 1 and 2.3.4. Corroboration of the recharge estimate
3.4.1. Analysis of tritium data
Tritium (3H) is a tracer suitable for comparison to the chloride
results because it is similarly expected to have a spatially uniform
input distribution in groundwater across the site, is non-reactive
during sub-surface transport, and has a known input function over
time. For this study, we used data from the Ottawa (Canada) sta-
tion because it has the longest continuous record (53 years from
1953 to 2009) and from the Santa Maria station located 170 km
away from the study site (featuring 15 years of data from 1962
to 1976). Based on the strong correlation (R2 = 0.97) between data
from the two stations, a long-term time series of tritium concen-
tration in precipitation was created for the SSFL site.
The tritium concentration in precipitation was corrected for
decay to establish 2009 values (date of analysis) using
T ¼ T0  ekt; ð4Þ
where T0 is tritium concentration measured in precipitation (TU), T
is the tritium concentration for the year the groundwater was sam-
pled, t is the time interval between the surface input and sampling,
and k is the decay constant equal to 0.056 y1.
Atmospheric tritium analyses were conducted in March 2009
on samples from 102 wells monitoring the Chatsworth Formation
groundwater. The samples were analyzed by the University of
Miami Tritium Laboratory with a detection limit of 0.1 TU. The
accuracy of the CMB recharge estimate was verified based on the
presence of modern water in the shallowest wells as evidenced
by the presence of atmospheric-derived tritium. This approach
uses the value of recharge (R), estimated through the CMB
approach, in the general formula of the tritium-profile method
for the unsaturated zone using
R ¼ H  dz=Dt; ð5Þ
where H is the volumetric soil water content, dz is penetration
depth of tritium (m), andDt is the time between tracer introduction
at the surface and sampling (years). The site-wide volumetric water
content of the unsaturated zone is 0.09, calculated as the product of
the mean matrix porosity (0.13) and water saturation ratio (0.7) as
reported by Cherry et al. (2009) and MWH (2009).
Table 2
Analysis of the wells excluded from CMB calculation.
Catchment Object name Mid-depth (m) Length open-interval (m) Cl (mg/L) Br (mg/L) Cl/Br TCE (lg/L)
11 HAR-16 34 1.5 130 0.8 166.7 105,105
9 RD-35A 26 12.3 133.3 2.4 56.3 277,833
9 RD-106-09 70.3 1.5 118.1 6.2 19.1 2800
9 RD-106-08 63.6 2.1 112.9 8.2 13.8 32,044
9 RD-106-07 58.2 2.4 113.9 4.7 24.4 64,791
9 RD-106-06 52.9 2.1 106.1 3.3 32.5 2755
9 RD-106-10 75 2.4 99.3 0.9 107.2 50,075
2 WS-09A 87.6 154.5 47.3 0.1 394.4 2148
1 RD-48A_1 19.8 27.4 5.3
RD-34A 11.6 13.4 5 0.5 10 132
11 RD-119 9 18 326 126
18 RD-60 22.2 32.5 425 3002
9 RD-37 98.9 32 313.4 1.4 221.7 6
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A Dupuit-Forcheimer analysis of steady flow through an uncon-
fined aquifer was performed at the site. Under steady-state flow
conditions, the groundwater level remains constant with time
and is a function of space. From the Dupuit equation, we have thatqx ¼ kb
h21  h22
2L
; ð6Þwhere qx is the Darcy velocity or specific discharge, Kb is the bulk
hydraulic conductivity, h is the hydraulic head difference in the
direction of flow (x direction), and L is the distance between
steady-state head measurements. If there is uniform recharge with
a rate of Re, then qx = Rex with x = 0 at the groundwater divide and
we obtain:ReL
2 ¼ kb h21  h22
 
: ð7Þ
Using this approach, the bulk hydraulic conductivity was calcu-
lated by specifying recharge determined by the CMB method and
an approximation of the known shape of the groundwater mound
for the idealized geometry. The obtained value was then compared
to existing values from large-scale hydraulic tests to assess
consistency.Fig. 3. Frequency and cumulative distribution of Cl in groundwater monitoring wells. A
reported in Table 3.4. Results
4.1. Runoff analysis
The annual total volume of runoff discharged at the outfalls var-
ies between 88  106 and 390  106 L with a mean value of
239.7  106 L, equal to 6.1% (range 2.3 to 10.2%) of the annual aver-
age precipitation by volume. Consistent with the monthly precipi-
tation, 97.8% of this volume was discharged during the winter
months (December through March) while there was no measur-
able flow from May through September. The coefficient of runoff
for the different catchments varies from 0.1% (Catchment 1) to
10.1% (Catchment 9) (Table 1). The two downstream catchments
behave differently: the volume of runoff in Catchment 2 increases
with respect to upstream Catchment 18 while the average mea-
sured volume in Catchment 1 is almost the same as upstream
Catchment 11. This means, in broad terms, that Catchment 1 is
not contributing to surface runoff. For 2011, the volume at outfall
1 was even lower than at outfall 11. As a consequence, Catchment
1, on average, has the lowest contribution to total runoff (0.3%).
Conversely, Catchments 9 and 18 contribute about 68% of the total
(Table 1).
4.2. Chloride concentration in the hydrological cycle
As described in Section 3.2, the average bulk atmospheric chlo-
ride concentration at the site is equivalent to 2.6 mg/L, with 80% of
this coming from dry deposition. The weighted average concentra-
tion in the surface water, on a volume basis, ranges from 4 mg/Ldditional analysis of the wells with mean chloride values greater than 100 mg/L is
Fig. 4. Distribution of Cl in groundwater monitoring wells vs. depth of the mid-
point of the screened interval. The different colors represent the length of the open
interval. The red and blue dashed lines represent the geometric mean (49.1 mg/L)
and arithmetic mean (54.8 mg/L), respectively.
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8.3 mg/L. As expected, downstream/upstream Catchments 1 and
11 and Catchments 2 and 18 have almost the same chloride con-
centrations (Table 1). Given the range of variation of Cl input at
the site (1.4 to 5.1 mg/L; average 2.57 mg/L) the expected long-Fig. 5. Spatial distribution of chlorideterm variation in the average Cl concentration in runoff is from
to 3.9 to 16.6 mg/L.
Mean chloride concentrations were initially calculated for 219
groundwater monitoring wells both on- and off-site. As a next step,
five wells determined as outliers were excluded: three wells with
average chloride values greater than 300 mg/L and two with values
lower than 5 mg/L (Table 2). At a later stage and using existing bro-
mide analyses, Cl/Br mass ratios were used to check if chloride con-
centrations were affected by anthropogenic activities. An
additional six wells were excluded because Cl/Br values exceeded
the range found for the majority of the wells (150–250) (Table 2).
This range of values is consistent with other sites in proximity to
the ocean (Davis et al., 2004). The high mean values of bromide
for the various multi-level ports at well RD-106 (Table 2) are due
to the injection of potassium bromide (KBr) during In Situ Chemi-
cal Oxidation (ISCO) pilot testing activities. Furthermore, the
effects of TCE degradation on the site-wide groundwater mean
chloride value was also considered and two wells with high TCE
were also omitted (Table 2). Therefore, CMB calculations were
based on data from 206 wells considered to be unaffected by any
source of chloride beyond atmospheric inputs and that had a geo-
metric mean concentration of 49.2 mg/L.
The areal distribution of Cl demonstrates the absence of a visi-
ble trend, with a uniform distribution of values across the site
(Fig. 3). Chloride values range from 10 to 161 mg/L. The concentra-
tion in groundwater with depth plotted as midpoints of the open
intervals of these wells shows no evident trend, indicating no
source of chloride other than atmospheric (Fig. 4). In general, rela-
tively greater values are present in the shallow wells due to the
effect of ET processes occurring in the first few meters of the sub-
surface. The highest chloride values were measured around 30 and
130 m below ground surface, whereas the deepest wells, typically
with long open sampling intervals, have chloride concentrations of
40.4–42.1 mg/L (Fig. 4). The frequency distribution shows about
50% of the samples having concentrations between 30 and
50 mg/L and a tail formed by 14 wells with concentrations greater
than 100 mg/L (Fig. 5). Although these wells feature a wide range
of TCE concentrations, the Cl/Br ratios are between 147 and 250
(Table 3) and within the natural range found for the site.in groundwater monitoring wells.
Table 3
Analysis of the wells with highest chloride values included in CMB calculation.
Catchment Object name Mid-depth (m) Length open-interval (m) Cl (mg/L) Br (mg/L) Cl/Br TCE (lg/L)
9 RD-106-03 38.9 2.1 102.4 0.57 181 15,128
9 RD-105-03 60.4 1.7 103 0.41 250.7 55
9 RD-58A 22.2 32.5 103 2,418
2 HAR-24 21.3 24.4 104.6 0.58 179.4 1,650
18 HAR-17 19.8 21.3 107 0.4 267.5 784
OS-15 39.3 54.3 110.3 15
9 RD-105-06 37.6 2.7 114.3 0.46 250 1,973
11 HAR-01 21.3 24.4 117 751
9 RD-107-03 40.4 1.5 118.9 0.63 188.2 10,586
9 RD-84 32.3 40.2 123.9 0.84 147.4 2,838
RD-19 32.9 32 148 0.7 150.7 5
11 HAR-01-P10 32.2 1.5 150 0.78 192.3 2,308
11 HAR-01-P8 26.1 1.5 160 503
9 RD-36C 131.2 15.5 161.9 0.75 216.8 549
Table 4
Site-wide CMB results and evapotranspiration assessment.
Surface (km2) 8.6
Precipitation (mm) 455
Atmospheric chloride (mg/m2/day) 3.22
Groundwater chloride (mg/L) 49.2
Recharge coefficient (%) 4.2
Recharge depth (mm) 19
Evapotranspiration coefficient (%) 89.6
Evapotranspiration depth (mm) 408
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Based on the analysis performed as described in Section 3.3, the
long-term site-wide average recharge is 164  106 L per year, cor-
responding to 4.2% of the average precipitation (19 mm) and a
mean annual specific recharge of 19  106 L/km2 (Table 4). A range
of recharge values was estimated considering the extreme values
of chloride concentration in the long-term (33 years) precipitation
record from Tanbark Flat station. Using the extreme values of the
series (1.7 and 6.5 mg/m2/day) as input values, the recharge could
vary from 1.8 to 9.5%. Based on the difference between precipita-
tion as the input and both runoff and recharge as the output, the
mean ET over the entire site is estimated to be 3494.9  106 L, rep-
resenting 89.6% of the total precipitation (408 mm) (Table 4).
At the catchment scale, Catchment 1 has the highest recharge
(4.9%, 22.3 mm) and Catchment 2 has the lowest (3.2%, 14.8 mm)
(Table 5). The summation of the recharge values for the single
catchments (160  106 L) matches the estimated site-scale
recharge (164  106 L). About 52% of the recharge at the site occurs
in Catchments 9 and 18 while only 3% comes from Catchment 8.
The contribution of each catchment was normalized to its exten-
sion to obtain the specific recharge. The highest specific rechargeTable 5
CMB results and evapotranspiration assessment at catchment scale.
Catchment 1 Catchment 2
Surface (km2) 1.24 1.47
Precipitation (mm) 455
Atmospheric Cl (mg/m2/day) 3.22
Groundwater chloride (mg/L) 53.5 53.7
Recharge coefficient (%) 4.9 3.2
Recharge depth (mm) 22.3 14.8
Contribution to total recharge (%) 17 13
Evapotranspiration coefficient (%) 95 89.7
Evapotranspiration depth (mm) 432.1 407.9
Contribution to total evapotranspiration (%) 15 17was found for Catchments 1, 8, and 11 and the lowest for Catch-
ment 2 (Table 5). These results reflect the different physical char-
acteristics of each catchment in terms of slope and lithology
(Fig. 1 and Table 1). An estimate of specific ET was made for each
catchment across the site. All values are within a small range (from
85.7 to 95%), with the lowest determined for Catchment 9 (con-
tributing 24% of the total ET) and the highest for Catchment 1 (con-
tributing 15% of the total ET) (Table 5).4.4. Uncertainty estimate
The main uncertainty in the application of the method is related
to the assumption that atmospheric chloride must be the only
source of chloride in the sub-surface system. A possible source of
anthropogenic chloride at the site derives from the presence of
TCE, the degradation of which via reductive dechlorination (the
most common, naturally occurring degradation mechanism)
releases chloride (Chapelle, 2001). Field data from the past decade
indicate that reductive dechlorination of TCE to cis-1,2-
dichloroethylene (cDCE) is readily apparent at the site (Cherry
et al., 2009; MWH, 2009; Pierce, 2005). Although degradation of
TCE to daughter products generates chloride ions, this would not
be expected to add significant amounts of chloride to the aquifer
based on a mole concentration basis compared to background Cl
concentrations. For example, 10,000 lg/L TCE degrading to cDCE
would only produce 1.3 mg/L chloride assuming only half this
mass degrades (MWH, 2003); this would represent only 2% of
the mean chloride concentration (49.2 mg/L).
In addition, an outlier analysis of chloride in the groundwater
monitoring wells was carried out. As described in Section 4.2, thir-
teen wells were excluded from the CMB calculation (Table 2). As a
consequence, the geometric mean chloride concentration for the
groundwater monitoring wells is 49.2 mg/L. If the omitted wells
are included in the calculation, the geometric mean is 50.9 mg/L,Catchment 8 Catchment 9 Catchment 11 Catchment 18
0.26 2.16 1.18 2.3
44.6 52.5 53.1 46.2
4.5 4.1 4.3 4
20.4 18.9 19.7 18.3
3 25 14 25
89.3 85.7 91.7 89.8
406.2 390 417.4 408.6
3 24 14 26
Fig. 6. (a) Distance between the study area and the Santa Maria monitoring station; base map is Google Earth view. (b) Linear regression between tritium data from the
Ottawa and Santa Maria monitoring stations. (c) Time series of tritium in precipitation, corrected for decay to 2009, for the study area, where the red line represents the
detection limit (0.1 TU) and the black dotted line divides the period for which data have been inferred using the relation with Ottawa station (1954–1961 and 1977–2009) vs.
measured at Santa Maria station (1962–1976).
Fig. 7. Spatial distribution of tritium in groundwater monitoring wells with length of open interval <30 m.
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mean (54.8 mg/L), the annual average recharge value would
become 3.8% of precipitation (equal to 17 mm).
Uncertainties can be derived by the slope effect, i.e., the mixing
of water due to up-slope recharge. This process is believed to min-
imally affect the results of the analysis because of the topographic
and hydrogeological characteristics of the study area. Indeed, the
wells are almost entirely located on an upland ridge that is a
recharge area. Possible effects of mixing could considerably influ-
ence the concentration of groundwater samples collected along
the flow direction at greater distances. Uncertainty relative to this
factor would have a minimal impact on the site-wide Cl concentra-
tion average.
Another source of uncertainty in the CMB calculation is the
wide range of chloride concentrations observed in surface water
for the different catchments. The strong spatial and temporal vari-
ability of this value depends on varied meteorologic, topographic,
and geologic characteristics of the large study area. The site-wide
recharge estimate, considering the minimum and maximum chlo-
ride concentrations in runoff measured at the site (4 and 11.8 mg/L,respectively), ranges from 3.8 to 4.8%, while it varies from 3.2 to
4.8% considering the long-term range of variation of the atmo-
spheric Cl input.
The site features other water inputs besides precipitation. From
1964 to 1999, a variable amount of water was imported by pipeline
from Calleguas Water District. From 1964 to 1971, the average
annual imported volume was 566  106 L, and for 1984–1999
was 157  106 L; no data are available for the interval between
1971 and 1984 (MWH, 2009). These average imported volumes
represent 15 and 4%, respectively, of the long-term average inflow
volume of 3898.7  106 L due to rainfall. Samples of this imported
water were collected and analyzed routinely with a reported aver-
age chloride concentration of about 100 mg/L. After its use, the
water was mainly released as surface water along the main drai-
nages at SSFL. In addition, groundwater extraction occurred
between 1948 and 1963 from 12 of the 17 deep water-supply wells
installed, and since the 1980s from 34 shallow and deep remedia-
tion pumping wells and sumps (MWH, 2009). The mean annual
extracted volume for the period 1949–2007 is about 261  106 L,
equal to 7% of the annual average precipitation. These relatively
Fig. 8. Distribution of tritium in groundwater monitoring wells vs. depth of the
mid-point of the screened interval. Red line represents the detection limit (0.1 TU).
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and are not believed to affect the long-term CMB calculations.
4.5. Corroboration of the CMB estimate
4.5.1. Tritium assessment
As noted above, a local time series record for tritium inputs for
the site was generated (Fig. 6a and b). Corrected for decay to 2009
(date of sampling), atmospheric 3H values for water that enteredFig. 9. (a) Groundwater elevation map; data are from 2009. (b) Cross-section of the gro
constant section, where arrows represent recharge.the subsurface just before nuclear testing effects (1950) are below
the detection limit (0.1 TU) and current (2009) precipitation values
in southern California are about 6 TU (Fig. 6c).
To minimize the effects of vertical averaging of groundwater
ages due to blending of groundwater within monitoring wells with
long open intervals, 59 monitoring wells at the site with the short-
est open screen intervals (<30 m) were selected to assess tritium
concentrations in groundwater. Tritium concentrations in these
wells ranged from 5.9 TU to non-detect (detection limit of
0.1 TU), with a fairly homogeneous spatial distribution (Fig. 7).
Overall, 17% of the values are below the detection limit and 51%
are between the detection limit and 2 TU.
The assessment of the tritium distribution relative to the chlo-
ride recharge estimate involves consideration of the presence/
absence of tritium in the shallowest groundwater. Given the site-
wide estimated mean recharge of 19 mm and the assumption that
recharge through the vadose zone occurs as rock matrix flow,
where the mean sandstone rock porosity is 0.13 and the represen-
tative rock matrix water content is 0.7, according to Eq. (6) the
annual recharge amount would move downward a vertical dis-
tance of 20 cm each year. This conceptualization of downward
steady-state plug flow tritium migration in intact rock indicates
that all shallow monitoring wells in the uppermost 10 m should
have water with a substantial tritium concentration. Fig. 8 shows
that monitoring wells 10–25 m below ground surface have rela-
tively high tritium concentrations. In the case of recharge arriving
at the water table at 10 m, this plug flow approximation suggests
the shallowest groundwater represents rainfall that entered the
subsurface about 50 years before sampling (approximately four
half-lives), when atmospheric 3H began its rapid ascent to much
higher values. In this idealized case, the deeper (pre-1950) ground-
water will have 3H values below the detection limit.
The assessment of tritium deeper than the shallow water table
zone requires a more complex analysis beyond the scope of this
paper. This is because tritium transport below the water table zone
changes from predominantly porous media flow in the matrix to
much more rapid flow in the fractures, with strong influences
due to transverse diffusion into the porous water-saturated matrix
(Foster, 1975). The advective flow of groundwater in the fractures
can transport the tritium front much farther than would be the
case in the porous matrix under plug-flow conditions due to very
different effective porosities and permeabilities.4.5.2. Dupuit flow analysis
The CMB-estimated recharge value is consistent with the esti-
mation of site-scale, bulk hydraulic conductivity through analysisundwater elevation map. (c) Model of the groundwater mound forming a ridge of
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sustained by steady recharge. The groundwater flow system
beneath and beyond the study area is, in broad terms, a high ridge
that rises nearly 300 m above the adjacent lowlands wherein the
groundwater moves downward and outward at the base of the
ridge into the valleys (Fig. 9a). Fig. 9b shows a decline of the water
table in the central part of the study area due to extraction activi-
ties of the past decades, but this only has short-term relevance; the
undisturbed water level is approximated with a dashed line. The
top of the mound is 175 m above the lowlands on both sides of
the ridge. As a first approximation, this mound can be represented
as a ridge with a constant cross section (Fig. 9c). Using the site-
wide mean recharge rate of 19 mm, the bulk site-wide hydraulic
conductivity assessed using Eq. (7) is 7.9  108 m/s. This value
is consistent with the results of multiple, large-scale hydraulic
tests conducted at different spatial and temporal scales and with
values used in the first version of the calibrated, 3-D EPM flow
model of the site using FeFlow (AquaResource and MWH, 2007).5. Discussion and conclusion
The main goal of the paper was to assess the long-term, site-
wide average recharge using the well-established CMB method
for arid and semi-arid regions. The study area is well suited for
application of this method because the annual chloride deposition
is better known than in other case studies presented in the scien-
tific literature, for which the on-site bulk chloride deposition was
only estimated and not measured.
Indeed, the measured bulk chloride deposition was 2.6 mg/L
with dry deposition accounting for 80% of the total. Moreover,
the contributions of chloride from the geologic medium and from
anthropogenic sources were shown to be negligible. The applica-
tion of this approach was exceptionally well-suited for this study
area because of the extraordinarily large number of groundwater
samples collected from a dense network of monitoring wells col-
lected over three decades combined with a robust surface water
drainage monitoring program including surface water chloride
analyses to further constrain the ET and recharge estimates.
Mean annual groundwater recharge estimated by the CMB
method is 19 mm, representing about 4.2% of the average precipi-
tation (455 mm) within a range of 1.8–9.5%. This value is similar to
those estimated using the CMB for other sandstone aquifers in
semi-arid regions: Edmunds et al. (1988) estimate a recharge vari-
able between 2.5 and 4% of the total precipitation in Sudan; Sami
and Hughes (1996) estimate 4.5 mm of annual recharge on a mean
annual rainfall of 460 mm in South-Africa; Edmunds (2001) esti-
mates a recharge of 5.8% of the precipitation in the Jordan region;
and Heilweil et al. (2007) estimate a recharge for a sandstone aqui-
fer in the Sand Hollow Basin (Utah, US) equal to the 4% of precip-
itation. More generally, Scanlon et al. (2006) collected results of
numerous recharge studies in semi-arid regions and concluded
that recharge varies from 0.1 to 5% of the annual precipitation.
The overall consistency of the recharge estimates was checked
with two analytic flow models that use the recharge as an input
value. These two models do not provide a quantitative recharge
estimate, as is the case for the CMB method, but rather an evalua-
tion of reasonableness providing increased confidence in the
approach. The analysis of tritium concentration in the groundwater
indicates that recharge occurred at the shallowest monitoring
wells assuming a plug downward flow rate of 0.2 m per year. This
analysis was performed assuming a water saturation in the matrix
for the unsaturated zone of 0.7, estimated through laboratory pro-
cedures on core samples. However, knowing the estimated
recharge flux (6.1  109 m/s) and the saturated matrix hydraulic
conductivity (1.7  108 m/s) can allow for calculation of the rela-tive permeability in the matrix (0.04) and, consequently, the water
saturation ratio (0.43) (Brooks and Corey, 1964). Using this value,
the volumetric water content would be 0.06 with a downward flow
rate of 0.34 m per year.
The occurrence of 3H at only very low levels in the site ground-
water, with no evidence of the mid-1960s peak, is consistent with a
conceptual model involving strong attenuation and diffusion of
chemical masses due to strong interaction between the active
groundwater flow system and mass transfer by diffusion into rela-
tively immobile porewater in the low permeability rock matrix
blocks between fractures. This conceptual model was first intro-
duced into the hydrogeologic literature by Foster (1975) as an
explanation for the strong attenuation of atmospheric 3H concen-
trations in fractured porous rock.
Moreover, the bulk K estimated via the analysis of steady flow is
consistent with the results of large-scale hydraulic tests (Cherry
et al., 2009; MWH, 2009). In particular, the value is within the
range of Kb (106 to 108 m/s) estimated through the analysis of
the tidally induced water pressure change measured at the site
(Allègre et al., 2016). This bulk hydraulic conductivity value is
the result of the combination of the effects of higher permeability
zones (sandstone units) and low permeability zones (shale and
mudstone layers and faults zone) that sustain the water table
mound. In contrast, the analysis of smaller-scale hydraulic test
results shows a greater spatial variability in Kb values across the
site associated with variations in lithology and complex structural
geology features (Cilona et al., 2015, 2016; Meyer et al., 2014;
Quinn et al., 2015).
As a first step in evaluating this spatial variability, the CMB
approach was carried out for the six main catchments within the
study area. Estimated recharge varies from 3.2% (Catchment 2) to
4.9% (Catchment 1) with an average of 4.1%. The different recharge
coefficients reflect the morphological and geological characteristics
of these catchments. Catchments 1 and 11 (highest recharge coef-
ficients) are made of lithological members with the highest bulk
hydraulic conductivity while Catchment 2 (lowest recharge coeffi-
cient) has the highest median slope, which enhances runoff pro-
cesses. Another important factor that affects recharge in semi-
arid areas, where evapotranspiration is the main process, is the
spatial and temporal variation of land use. This may explain the
wide range of Cl concentrations in groundwater and, consequently,
influences on the spatial and temporal variability of recharge. It is
likely that evidence of recent changes in land use can be found
through the analysis of Cl concentrations in the unsaturated zone;
the estimate provided by this work is an average of different con-
ditions that have occurred during the past few centuries.
A mean annual evapotranspiration of 408 mm (89.7% of the pre-
cipitation) was calculated as the difference between the estimated
recharge and the measured runoff. This value is the same order of
magnitude as a map of actual evapotranspiration for 838 basins
within the US created by Sanford and Selnick (2013) based on a
mean annual (1970–2000) water-balance approach. Moreover,
Kim and Jackson (2012) analyzed the effect of vegetation on 73
case studies (mostly in semi-arid regions) and found recharge to
be 5% of the precipitation in areas covered by scrub.
This study of long-term average recharge into an upland sedi-
mentary bedrock flow system is the first reported for the State of
California. It has important relevance for the characterization of
the SSFL site, in terms of constraining the volumetric groundwater
flow rates and water balance for building and calibrating a 3-D
mountain-scale groundwater flow model. Moreover, the estima-
tion of the downward vertical flow (20 cm/y) is crucial to under-
stand the movement of water in the unsaturated zone. The
finding that infiltration water slowly moves the aqueous phase of
the contaminant mass stored in the unsaturated zone toward the
water table is important for remediation plans. The measurement
798 F. Manna et al. / Journal of Hydrology 541 (2016) 787–799of the bulk deposition of atmospheric Cl and the analysis of Cl con-
centration in rainfall allowed for the discretization of the two dif-
ferent deposition processes and provides an important insight for
other authors applying the method in this region and in similar
areas all over the world in the future.
In addition, this study has relevance with respect to broader
issues related to the drought that has affected southern California
in the last four years.
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